Abstract The effect of a 1-hr light pulse, given at night, on the timing of the circadian rhythm in the plasma concentration of melatonin was examined in Soay rams to investigate the mechanisms involved in determining the duration of the nocturnal peak in melatonin secretion. Animals (n = 8) were housed under short days (LD 8:16) Melatonin regulates seasonal changes in various physiological functions in mammals through its daily pattern of secretion, which reflects the environmental photoperiod (Tamarkin et al., 1985; Arendt, 1986) . Studies in sheep and hamsters indicate that it is the duration of the nocturnal increase in melatonin concentrations (melatonin peak), rather than the phase of secretion related to the photoperiod, that signals the photoperiodic response (Carter and Goldman, 1983; Bittman and Karsch, 1984; Wayne et al., 1988) . The rhythm in secretion of melatonin is closely coupled to the rhythm of sleep and activity, both being dependent 1. To whom all correspondence should be addressed.
Melatonin regulates seasonal changes in various physiological functions in mammals through its daily pattern of secretion, which reflects the environmental photoperiod (Tamarkin et al., 1985; Arendt, 1986) . Studies in sheep and hamsters indicate that it is the duration of the nocturnal increase in melatonin concentrations (melatonin peak), rather than the phase of secretion related to the photoperiod, that signals the photoperiodic response (Carter and Goldman, 1983; Bittman and Karsch, 1984; Wayne et al., 1988) . The rhythm in secretion of melatonin is closely coupled to the rhythm of sleep and activity, both being dependent on the circadian activity of the suprachiasmatic nucleus in the hypothalamus (Rusak and Zucker, 1979; Swann and Turek, 1985; Ebling et al., 1988) .
Light has two potential roles in dictating the timing of the melatonin peak: (1) It acts to entrain the underlying circadian system; (2) it acts to suppress the secretion of melatonin (Lincoln et al., 1985; Tamarkin et al., 1985) . Entrainment of the circadian system governing the melatonin rhythm appears to be particularly important in dictating the duration of the melatonin peak characteristic of a specific photoperiod.
One hypothesis proposes that changes in duration of the melatonin peak involve the action of different circadian oscillators controlling the evening increase (E) and the morning decline (M) in the secretion of melatonin (Illnerova and Vanecek, 1982, 1988) . This is based on the rhythm in activity of the melatonin synthesis enzyme, N-acetyltransferase, in the pineal gland of the rat. Exposure of groups of animals to short light pulses at various times of the night results in changes in the onset and offset of the enzyme activity. Detailed studies have revealed differences in the phase response curves for the E and M components of the rhythm; this has been taken to indicate control by separate circadian oscillators. This predicts that there will be different phase relationships between the beginning and the end of the melatonin peak under long and short photoperiods, and therefore a change in the duration of the melatonin peak. Recent studies in Djungarian hamsters show elegantly that entrainment of circadian rhythms controlling melatonin secretion can dictate the duration of the melatonin peak without any inhibitory effect of light to &dquo;mask&dquo; the rhythm (Darrow and Goldman, 1986 (LD 16:8;  lights-on at 0800 hr) and short days (LD 8:16;  lights-on at 0800 hr) for 1 year, to acclimatize them and to entrain the long-term seasonal cycles. During the light phase, light was provided by white fluorescent strip lights ( 
HORMONE ASSAYS
The concentration of melatonin in the blood plasma was measured using a previously validated radioimmunoassay (Fraser et al., 1983) . Melatonin antiserum was purchased from Guildhay Antisera (Guildford, Surrey, UK). Authentic melatonin and tritiated melatonin were obtained from Genzyme Fine Chemicals Ltd. (Haverhill, Suffolk, UK) and Amersham plc (Amersham, Buckinghamshire, UK), respectively. The sensitivity of the assay was 7.8 pg/ml for 200 111 of plasma. The intra-assay coefficients of variation (CVs) were 7.0%, 3.7%, and 9.5% at the level of 40.3, 83.1, and 240 pg/ml, and the interassay CVs were 11.3%, 8.0%, and 7.9% at the level of 40.3, 78.9, and 220.1 pg/ml plasma, respectively.
DETERMINATION OF ONSET AND OFFSET OF MELATONIN PEAK
The onset and offset of the melatonin peak were determined using a graph of the accumulated sums of the plasma concentrations of melatonin for each animal (Fig. 1 ). Lines were fitted to the main slopes of the graph. The intercepts related to the x axis gave the time of the onset (E) and offset (M) of the melatonin peak, and the period between these two points gave duration of the peak.
STATISTICS
The effects of the light pulses on the onset, offset, and duration of the melatonin peak were assessed for significance using a two-way analysis of variance (ANOVA) with repeated measures, performed using a CLR ANOVA program (Clear Lake Research, Houston, TX, USA) run on a Macintosh computer. Where a significant effect of time of treatment was indicated, this was explored in relation to the experimental and control groups. To determine the size of the phase shift induced by the light treatments and the change in duration of the melatonin peak, the mean time of the onset and offset of the melatonin peak and the mean duration were calculated for each group (groups A-F), and this value was subtracted from the value for the corresponding control group. The values for the phase shifts were plotted as a four-point phase response curve; to illustrate the gross variation in the data, the standard error of the difference between means was calculated (Snedecor and Cochrann, 1967 Figure 1 . FIGURE 3. Duration of the blood plasma melatonin peak in groups of Soay rams exposed to short days, long days, and DD. The times of onset and offset of the melatonin peak are expressed as mean ± SEM (n = 8) relative to lights-off under the previous LD cycle. The two blank bars on the top of each panel represent the results obtained under short days (LD 8:16) or long days (LD 16:8) . The remaining bars in each panel represent the six control (C, open bar) and pulsed (P, shaded bar) groups, which were transferred from short days or long days to DD 2 days before sampling.
significantly longer than that under long days, and closely reflected the duration of the dark phase (melatonin peak duration for short days and long days: 14.6 ± 0.5 hr vs. 8.2 ± 0.2 hr, respectively; p < 0.01, ANOVA with Newman-Keuls test). Under DD the melatonin rhythm was clearly expressed in all animals, and the mean duration of the melatonin peak (12.6-14.8 hr) was not significantly different from that under short days (Fig. 3) . There was no significant difference in the duration of the peak at day 3 under DD in any of the control groups, regardless of the pretreatment photoperiod.
The time of onset of the melatonin peak in the control groups at day 3 under DD was advanced by 1-4 hr (control groups A-F under DD vs. pretreatment LD cycle, Figs. 2 and  3 ). This is consistent with a <24-hr free-running period of the melatonin rhythm in this species (Lincoln et al., 1985) . The offset of the melatonin peak was advanced in the control groups under DD following short days, but delayed in the control groups under DD following long days. The change in the latter group was associated with a large increase in the duration of the melatonin peak (Figs. 2 and 3 ).
EFFECT OF LIGHT PULSES AT DIFFERENT TIMES OF THE NIGHT
Exposure to a 1-hr light pulse caused small changes in the onset, offset, and duration of the melatonin peak, and the effects were time-dependent. The analysis of the results for the animals previously entrained to short days showed that in the experimental group there was a significant effect of treatment (the time of the light pulse) on the onset of the melatonin peak (p < 0.001, ANOVA with repeated measures). The onset occurred latest after the pulse at 1900 hr and earliest after the pulse at 0500 hr (time of onset: 1720 ± 0.60 hr, 1573 -±-0.39 hr, 15.34 ± 0.17 hr, and 14.90 ± 0.14 hr for the treatments A-D, respectively). There was also a small parallel effect of treatment on the offset (p = 0.05, ANOVA) and an effect on the duration of the melatonin peak (p = 0.01, ANOVA). The duration was minimum after the pulse at 1900 hr and maximum after the pulse at 2200 hr (duration of the melatonin peak: 12.58 ± 0.65 hr, 14.79 ± 0.22 hr, 14.19 ± 0.30 hr, and 13.96 ± 0.35 hr for the treatments A-D, respectively). In the control group, there was no significant effect of time (parallel to treatment in the experimental group) on the onset or duration of the melatonin peak, but there was a small effect on the offset (p = 0.04, ANOVA). This appeared to be related to the order in which the experiments were conducted (e.g., time of offset: 0610 ± 0.39 hr vs. 0481 ± 0.47 hr for the first and last studies, respectively).
To illustrate the effect of the light pulses, the mean results for the experimental groups were subtracted from the corresponding values for the control groups. The results for the onset and offset of the melatonin peak are shown as a partial phase response curve in Figure   4 . There was considerable variation between animals in the two groups, which is shown as FIGURE 4. Phase response curves for the onset ('E') and offset ('M') of the blood plasma melatonin peak for Soay rams, based on the effect of a 1-hr light pulse given in the dark phase under short days (LD 8:16) . Values were obtained by subtracting the mean time of the onset and offset of the melatonin peak for the control rams from the corresponding values for the experimental rams, which received the 1-hr light pulses. The variation represents the standard error of the difference and is not relevant to the statistical comparisons given in the text. the standard error of the difference of the mean (Fig. 4) . Both the onset and offset of the melatonin peak were phase-delayed by light early in the night and phase-advanced by light late in the night. There were only minor difference in the phase changes for the onset (E) and the offset (M) of the melatonin peak (Fig. 4) . The corresponding results for the duration of the melatonin peak showed a small decrease in peak duration following a light pulse in the early and late night, and a small increase in peak duration following light pulses near the middle of the night (mean duration: -0.46 hr, +0.34 hr, +0.56 hr, and -0.62 hr for the treatments A-D, respectively). For the animals previously entrained to long days, there was no significant time-dependent effect of treatment on the timing and duration of the melatonin rhythm, based on the result of just two treatments. When compared to the control group, the light pulses given at 0200 hr (2 hr after lights-off) and 0500 hr (3 hr before lights-on) caused phase delays in the timing of the melatonin peak. The mean delays were 1.9 hr and 1.2 hr for a light pulse at 0200 hr, and 0.8 hr and 1.7 hr for a light pulse at 0500 hr, for the onset and offset of the melatonin peak, respectively.
DISCUSSION
This study describes for the first time some features of the phase response curve for the rhythm in blood plasma concentration of melatonin, investigated using a 1-hr light pulse given during the subjective night. The results for the animals entrained under short days illustrate that light in the early night induces a phase delay in the melatonin rhythm and that light in the late night induces a phase advance. This is comparable to the phase response curve determined for pineal N-acetyltransferase activity in the rat using 1-min light pulses; pulses produced phase delays of up to 3 hr before midnight and phase advances of up to 3.5 hr after midnight (Illnerova and Vanecek, 1988 ). In the current study, it was only practicable to test four clock times to produce a partial phase response curve; however, the results indicate that the circadian oscillators governing the secretion of melatonin in the ram have a time-dependent response to light, as do other circadian rhythms (Rusak and Zucker, 1979; Milette and Turek, 1986) .
The detailed studies of Illnerova and Vanecek (1982, 1988) on the pineal N-acetyltransferase rhythm have provided evidence that the onset (E) and the offset (M) components of the rhythm have a different phase response curve to short light pulses. In particular, the E component shows little or no phase advance in response to light in the late subjective night. This has important implications for the control of the duration of the melatonin peak under different entraining photoperiods. The results for the ram are consistent with those obtained in the rat, in that there was a significant change in the duration of the melatonin peak in response to light pulses given at night, which involved changes in the phase of the onset and offset of the peak. However, the results are too limited to permit us to assess the possible differences in the responses of the E and M components of the plasma melatonin peak. The principal limitation relates to the calculation of the magnitude of phase shifts in the onset and offset of the melatonin peak, which involved the comparison between different animals in the experimental and control groups. There was a large variation in the patterns of melatonin secretion between animals, and this obscured the results. To assess whether there are significant differences in the phase response curves for the E and M components of the melatonin rhythm in the ram, it will be necessary to conduct a more comprehensive study, preferably sampling the same animals before and after the light pulse when they are already under DD. This was not attempted in this preliminary study because of the difficulty of collecting blood samples for extended periods under DD.
In sheep, it is well established that exposure to light during the night leads to a rapid decline in the blood concentrations of melatonin (Rollag et al., 1978; Ebling et al., 1988; Ravault and Thimonier, 1988 (Lincoln et al., 1985) , and the current results are consistent with this observation. The period of the circadian rhythm in locomotor activity is also less than 24 hr and is closely coupled in an inverse manner to that for melatonin secretion (Ebling et al., 1988 Under normal 24-hr LD cycles involving 8-to 16-hr photoperiods, the phase relationship between the melatonin rhythm and the light phase would be expected to be different according to the phase-shifting effects of light. Some differences between the short-and long-day groups were evident in the current study. Under short days, the onset of the melatonin peak occurred coincident with the onset of the dark phase, and the duration of the peak was slightly shorter than the dark phase (melatonin peak: 14.6 hr under LD 8:16). On transfer to DD for 2-3 days there was no change in the duration of the melatonin peak, while the entire peak phase-advanced by 1-2 hr, consistent with the <24-hr period of the circadian rhythm controlling melatonin secretion. The effect of short days was thus to entrain the onset of the melatonin peak to the end of the light phase and to allow the melatonin peak to be fully expressed under the long night. Under long days, the onset of the melatonin peak also occurred at the onset of the dark phase, but the duration of the peak was much shorter and similar to the duration of darkness (melatonin peak: 8.2 hr under LD 16:8). Furthermore, 2-3 days after transfer to DD the melatonin peak increased markedly in duration; this involved an advance of 2-3 hr in the onset and a delay of 3-4 hr in the offset. Based on the current results, these changes following a switch from long days to DD can be explained in terms of the removal of the entraining effect of light on the melatonin rhythm, rather than the removal of the inhibitory effect of light. Under long days light acts both to time the melatonin rhythm and to dictate the duration of the melatonin peak; light phase-delays the onset and phase-advances the offset, thus producing a short-duration melatonin peak.
In conclusion, this study presents a simple phase response curve for the blood plasma melatonin rhythm in the ram. Combined with evidence that the period of this circadian rhythm is about 23.0 hr, it provides an explanation for the timing of the onset of the melatonin peak coincident with the onset of darkness. Evidence is presented that light acts to entrain the circadian rhythms controlling melatonin secretion and to dictate the duration of the melatonin peak.
